This diagnostic study aims to shed light on the catalytic activity of a library of Cu(II) based coordination compounds with benzotriazole-based ligands. We report herein the synthesis and characterization of five new coordination compounds formulated [Cu II (L 4 
Introduction
In the constant search for efficient activation and optimization of organic reactions with transition metal elements, copper remains one of the most attractive options due to many advantages. 1-3 Apart from its abundance and low cost, copper presents an incredibly versatile chemistry and may be easily available in one of multiple (Cu 0 , Cu I , Cu II , Cu III ) oxidation states.
As a result, its salts and compounds can be powerful catalysts for reactions that involve both one and two-electron (radical and bond-forming) mechanisms. Furthermore, it can easily coordinate to heteroatoms as well as π-bonds to form organometallic intermediates that are crucial promoters of these transformations.
The Huisgen 1,3-dipolar cycloaddition 4, 5 of organic azides and alkynes is a characteristic reaction in which the above principles are in full effect. In the absence of a catalyst, the reaction proceeds very slowly and under harsh conditions to produce a mixture of 1,4-and 1,5-disubstituted 1,2,3-triazoles with no regioselectivity (Scheme 1, pathway A).
However, the introduction of a Cu I source, as found independently by the groups of Meldal 6 and Sharpless 7 , greatly improves the rate 8 and regioselectivity of the reaction to produce only the 1,4-disubstituted analogue (Scheme 1, pathway B) under favourable conditions. The resulting triazoles have considerable applications in various biological activities, and as a result the Cu-catalysed azide-alkyne cycloaddition (CuAAC) reaction has been employed in the fields of drug discovery 9 , biochemistry [10] [11] [12] [13] and materials science 14 .
Scheme 1. General synthetic scheme of disubstituted 1,2,3-triazoles through azide-alkyne cycloaddition.
Multiple studies have shown that the reaction proceeds using almost any copper source as a catalytic precursor, as long as it generates catalytically active Cu I species in the reaction medium 8, [15] [16] [17] . The most popular method involves the use of an inexpensive Cu II salt and a reducing agent (e.g sodium ascorbate 7 or hydrazine hydrate 18 ) in large excess. The choice of the ligand is also important in the CuAAC reaction; it has been shown that certain nitrogencontaining ligands (e.g. amines 19 , histidines 20 , triazoles 21 , benzimidazoles 22 and other polydentate chelators 13, 23, 24 ) accelerate the transformation and enhance the stability of the Cu I state through coordination, which protects the metal centres from oxidation. Therefore, the formation of unnecessary by-products is avoided.
In recent decades, there have been many attempts to bridge the fields of catalysis and coordination chemistry, in an effort to provide valuable information towards the mechanism of reactions as well as unveil the catalytic potential of coordination compounds. An important step has been the use of coordination polymers (CPs) and metal organic frameworks (MOFs) [25] [26] [27] , low-or porous three-dimensional networks with possible catalytic activity [28] [29] [30] [31] [32] . A common strategy for the construction of neutral CPs involves the use of metal centres and protic bridging spacers, such as polycarboxylic ligands [33] [34] [35] , to generate the framework and complete the charge balance. Another synthetic strategy incorporates neutral bridging ligands, mainly nitrogen-based (e.g. derivatives of bipyridine 36 , pyrazine 37, 38 , triazole [39] [40] [41] , imidazole [41] [42] [43] [44] along with metal centres to afford cationic CPs. Focusing on the latter approach, we recently embarked in a series of studies that investigated the coordination and catalytic capabilities of coordination compounds based, mainly, on the semi-rigid benzotriazole-based organic ligand L 1 and its derivatives L 2 and L 3 (Scheme 2). Our first effort included isoskeletal Cu II compounds that were found to promote the one pot synthesis of N-substituted dihydropyridines, from azines and ethyl propiolate, in methanol 45 . Through fine tuning we then isolated additional derivatives of this catalytic system and tested them against the synthesis of propargylic amines through the A 3 coupling 46 as well as in the multicomponent synthesis of poly-substituted pyrroles from aldehydes and nitrostyrenes 47 , in alcoholic media. Various results from these studies indicate the formation of a Cu I intermediate during the reaction, which acts as the catalytically active species. However, more specific details on the mechanistic nature of the catalyst remained yet elusive to us.
Having all these in mind, in this work we performed a study with a two-fold character.
Firstly, to evaluate the efficacy of the catalysts derived from the benzotriazole-based organic ligand L 1 against other isotypical nitrogen-based ligands L 2 -L 7 (Scheme 2), such as substituted benzotriazoles (L 1 -L 4 and L 7 ), benzimidazole (L 5 ) or imidazole (L 6 ), in a given reaction system.
Secondly, to shed light on the mechanistic aspects and performance of the present catalytic library in the CuAAC reaction, a well-refined and known transformation that is promoted exclusively by Cu I sources. To perform this diagnostic study, we herein report the synthesis and characterization of five new compounds formulated as [Cu II (L 4 )(MeCN)2(CF3SO3)2] (1),
[Cu I 4(L 1 )2(L 1' )2(CF3SO3)2]2·4(CF3SO3)·8(Me2CO) (5) . We also report the catalytic performance of 1-5 in the one pot synthesis of 1,4-disubstituted 1,2,3-triazoles (click reaction). 45, 46, 48 . Colourless block crystals of L 1 , L 6 and L 7 49 were also obtained; the relevant crystallographic parameters may be found in the Supporting Information (Table S1 ). Safety note: Azides are potentially explosive; such compounds should be used in small quantities and handled with caution and the appropriate protection measures at all times.
Instrumentation. IR spectra of the samples were recorded over the range of 4000-600 cm -1 on a Perkin Elmer Spectrum One FT-IR spectrometer fitted with a UATR polarization accessory. General Catalytic Protocol. To a sealed tube containing 0.5 mmol of sodium azide (0.033 g) in 3 mL of ethanol, 0.5 mmol of organic halide or boronic acid, 0.5 mmol of alkyne and 5 mol% of the catalyst were added and the mixture was stirred at reflux for the appropriate time. After completion of the reaction, the slurry was filtered upon a short pad of silica (to withhold the catalyst) and the filtrate was evaporated under vacuum. The resulting residue was then separated by column chromatography using silica gel and a mixture of hexane/EtOAc (5/1 ratio for triazoles 18aa -18ae, 18ba -18be, 10/1 ratio for triazoles 18ca -18cd) as the eluent, to afford the corresponding triazole product in pure form.
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RESULTS
Synthetic aspects.
Due to the similar chemical nature and behaviour of ligands L 2 -L 7 compared to the prototype L 1 , we employed similar methods and techniques to generate frameworks that resemble the coordination geometry and environment of the main catalyst Crystal structure description. The crystal structures of compounds 6 -13 have already been reported and described 45, 46 . Hence, only the structures of 1 -5 will be discussed in detail in this section. A summarizing table providing structural details for all compounds is given in Table   1 . Since compound 10 serves as the main catalyst and reference point in this study, a brief description of its structural characteristics will also be included, prefacing the newly reported compounds. The reference catalyst 10 was synthesized using the benzotriazole-based L 1 ligand;
the compound crystallizes in the triclinic 1 ̅ space group and its asymmetric unit contains a Cu II centre, one L 1 molecule and one triflate anion molecule. Due to the generated symmetry, the structure propagates into a ribbon-like one-dimensional framework with small cavities (Figure 1 containing an identical 1D framework with small pores (Figure 1, right) . For this reason, its structure will not be discussed further. 
Characterization of compounds.
We initially investigated the thermal stability of 1-5 through thermogravimetric analysis (TGA) experiments up to a temperature of 1000°C. The measurements revealed that the polymeric compounds 1-4 are slightly more stable than the zero-dimensional tetrameric complex 5; the former retain their main metal-ligand core until the region of 260-300°C after which gradual decomposition to copper oxide begins. In complex 5, the same procedure occurs at a slightly lower temperature region (~240°C). The TGA graphs are presented and interpreted in detail in the Supporting Information (Figures S29-S33 ). Catalytic studies. In order to provide an ideal scheme for the reaction we focused on the catalytic synthesis, which would avoid the isolation of the potentially unstable organic azides (especially azides with low molecular weights 15 ). For these reasons, we adopted the multicomponent reaction between organic halides, alkynes and sodium azide as our initial reaction scheme, in which the respective organic azide is generated in situ. The initial testing catalytic protocol included the use of benzyl chloride, sodium azide and phenylacetylene, as well as compound 10 as the homogeneous catalyst. After several catalytic tests (Table 2) , it was found that optimal results were obtained when the reaction takes place in ethanol for 24
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hrs, under reflux and 5 mol% of the catalyst ( (Table S5 ) which demonstrated the better performance of 10. In addition; in some of these cases, the starting material was not even entirely consumed.
Having obtained the optimal conditions for our system, we then tested a number of substrates in order to study the catalytic scope and limitations of 10. Initial substrate screening included the use of organic halides as starting materials as well as a variety of terminal alkynes (e.g. aromatic, alkyl, linear, containing hydroxyl or carboxylate groups). The results are presented in Scheme 4. The reaction affords triazoles in excellent (88 -99%) yields when aromatic or substituted aliphatic alkynes are used. In regards to the organic halide, increasing the strength of the leaving group from Cl - (entries 18aa -18af) to Br - (entries 18ba -18be) led to improved results as expected. It is also worth noting that the triazoles derived from benzyl halide proved to be very easy to crystallize. As such, X-Ray crystallography structures of representative triazoles 18aa -18ad are additionally included. Iodobenzene was also tested as a possible substrate in our attempts to generate the relevant aryl triazole analogues, however these efforts were unsuccessful. This was not surprising as the azidonation of aryl halides 21, 69, 70 is generally a slow process that requires very harsh or tedious conditions. We therefore employed the inexpensive and readily available benzeneboronic acid in order to obtain the corresponding product 71 . To our delight, the resulting triazole 18ca was generated in a very good 80% yield, as seen in Scheme 5. Additional screening of the arylboronic acid with other alkynes led to the formation of triazoles 18cb -18cd in poorer yields, whereas reactions with 2-hydroxyphenylboronic acid did not yield any product (18ce -18cf) . Nevertheless, these results provided us with another potential pathway for our catalyst which avoids the isolation of unstable organic azide intermediates. Cyclic Voltammetry studies. As a first step, we performed cyclic voltammetric studies of the ligands L 1 , L 2 , L 5 , L 6 . During this process, we neither did not observe any processes in the negative nor in the positive potential range and only the CV of the TBAP was measurable.
Therefore, we could establish that the ligands are stable in DMSO and in DMF and they are not oxidized. We then performed the CV studies for the Cu based compounds (Figures 5 and   6 ). Compounds 2, 10 and 12 were selected for these purposes due to their structural characteristics and catalytic performance. 2 and 10 can be reduced in the first step and can be then oxidized back in the second step in the positive potential range. The Ia/Ic is ~1 and the v 1/2 -|Ic| function is not linear whereas the potential difference of the anodic and cathodic peak potential is more than 59 mV indicating a structural change. This can be rationalized to the different coordination preference of the Copper element in different oxidation states (I or II), therefore the intra-conversion (II to I to II) takes place in a slower manner, or the electron crossing may be slower on the electrode surface. These results show that these processes are quasi-reversible. The redox potentials are positive in both cases and substantially different when compared with the redox potential of Cu(NO3)2, thus supporting that the measured potential values correspond to Cu(II) complexes. The CV of compound 12 complex is similar to the Cu(NO3)2 cyclic voltammogram in both solvents, indicating that compound 12, despite having similar structural characteristics with 2 and 10, is not stable in DMF and in DMSO. MHz which is in agreement with the above observations. In contrast, the EPR signal of 2 in methanolic solution provides much more defined hyperfine lines which are consistent to a Cu II (S=1/2) interaction with four 14 N nuclei from L 5 ligands in a square planar environment, pointing to an eventual {N4O2} octahedral geometry. A plausible hypothesis for the difference in the clarity of the two spectra could be that, in solution, methanol molecules replace the triflate anions and coordinate to the Cu II centres, removing any potential formation of C-H⋯O interactions 72, 73 .
Similar studies for compound 10, as can be seen in Figure S36 , show that Cu II retains the {N4O2} octahedral geometry in alcoholic solution, and the structure remains polymeric.
This result is consistent with previously conducted 46 UV-Vis studies which showed that the compound retains a similar coordination environment in solution. It is worth noting that the spectrum in this case is very well defined compared to the one of compound 2, as no weak C- Furthermore, they are in accordance to the corresponding values of similar Cu II complexes with a {N4O2} coordination environment [74] [75] [76] .
While the crystallographic data for 12 could not be optimally refined, the Cu II centres clearly exhibited a square pyramidal geometry in the crystal structure, with a {N3O} environment in the equatorial plane. The X-band EPR studies ( Figure S37 ) of the polycrystalline sample at 5K further confirm this behaviour. Reasonable fits are obtained for (gx, gy, gz) = (1.96, 2.04, 2.28) ± 0.01 and A = 350 ± 30 MHz; these values are in satisfying agreement to the ones of related Cu II complexes with a {N4O} coordination sphere 77, 78 . Once again, a narrowing of the hyperfine lines is also observed, possibly due to the formation of weak π⋯π and C-H⋯π interactions within the crystal structure.
Mechanistic studies
The aforementioned homogeneous catalytic performance of 10 in the azide-alkyne cycloaddition provides us with yet another organic transformation in which our library of 1D Cu II CP catalysts may be applied. More importantly, the presence of a Cu I source is necessitated for this specific reaction to occur; this serves as an excellent blueprint, which could shed light into the mechanistic function of our catalysts. Up to this point, we have established that our Firstly, the importance of metal selection in the construction of the catalysts was evaluated. Zn II -based compounds 7 and 11 were tested as catalysts for the synthesis of 18aa, as they are isostructural to 10, containing the same one-dimensional framework; they also behave similarly in solid and solution state. Recent investigations 79, 80 on the feasibility of a
ZnAAC system have shown that the reaction is indeed possible. Albeit it requires the presence of a reducing agent (none present in our proposed system) and is highly sensitive to steric effects in regards to the choice of alkyne. However, no product was formed in both cases (Table   4 , entries 7 and 11). Given the inactivity of Zn centre towards the AAC reaction, this experiment excludes the possibility that the reaction is promoted by the ligand.
The next step was to assess the performance of Cu I complexes from our backlog of related catalysts. Relevant compounds 5 and 8 were employed for these purposes, accounting for average yields as seen in Table 4 , entries 5 and 8. This allowed us to narrow our fine-tuning efforts to Cu II compounds. Therefore, we then opted to study the effect of the choice of metal ion during the catalytic process. The comparison tests in this case involved the isoskeletal 1D catalysts 6, 9 and 10 ( Table 4 , entries 6, 9, 10) that differ in the counter anion (ClO4 -, BF4 -, OTfrespectively). The results show significant differences in the afforded yield, with the OTfanalogue exhibiting superior behaviour and the BF4analogue accounting for the lowest activity. In addition, lower conversion (90%) of the starting material was observed in both ClO4and BF4analogues. Furthermore, we have documented in previous studies that an anion conversion of ClO4to Cl -(in 6) and BF4to F -(in 9) is also taking place, inhibiting the catalytic performance. [45] [46] These results indicate that Cu(OTf)2 is the ideal choice of metal salt for the construction of our catalysts. Having also in mind that the triflate analogues provided the most encouraging results during the evaluation of Cu I compounds and Cu I /Cu II salts (Table 1 , entries 3 and 6), we envision that this performance is established as either the reaction requires the presence of a weak base to get a proton or the triflate unit has better resistance to the oxidation/reduction reaction, compared to ClO4or BF4 -. Moreover, any anion conversion issues that would inhibit the catalytic activity are avoided.
We then opted to examine the influence of the nitrogen-based ligand. The use of organic ligands L 2 and L 3 in which the benzotriazole moieties contain -CH3 groups in positions 5 and 5,6 respectively resulted in the isolation of coordination compounds 12 and 13. Both of these compounds show important structural differences compared to the reference catalyst 10 which derived from the parent ligand L 1 . More specifically, the Cu II centres possess different coordination geometry and the complexes have no polymeric nature, forming dicopper dimers instead. As seen in Table 4 , entries 12 and 13, the catalytic tests for 12 and 13 showed average behaviour compared to 10. This may be attributed to the aforementioned structural differences as well as a possible second sphere coordination effect to the Cu II centres, due to the presence of the -CH2 groups. We also employed the ligand 1, 3- versus OTf -/H2O). The latter parameter appears to have no effect in the catalytic performance, based on the similar yields measured in each case (69 and 70% respectively). Furthermore, to determine the importance of the polymeric nature for our catalysts, we employed the ligand 1benzyl-1H-1,2,3-benzotriazole (L 7 ), as the mono-substituted version of L 1 , to guarantee the generation of 0D coordination compounds. The in situ reaction of Cu(OTf)2 and L 7 yields the corresponding product in poorer yields ( In regards to the use of additives, it was found that the presence of sodium L-ascorbate enhances the Cu I to Cu II conversion ( Table 3, entries 13 and 14) , therefore improving the catalytic affinity. However, after 24 hours the catalytic conversion is similar to that without any additive. Triphenylphosphine (PPh3) was also tested as an additive in the reaction; apart from its role as a reducing agent, PPh3 may potentially react with the organic azide to eventually produce the corresponding amine through the Staudinger reaction 81 , thus deactivating the CuAAC transformation. However, no significant effect in the yield was observed in our catalytic tests ( Table 3 , entry 12), indicating that PPh3 is not involved in the catalytic cycle.
Additionally, a series of EPR experiments was performed monitoring the synthesis of triazole 18aa using 10 as the catalyst, in order to investigate the nature of the copper-based compound during the reaction. A comparison of the afforded spectra during the first 120 minutes of the reaction, as shown in Figure S38 , confirms the constant presence of Cu II species in the solution, albeit with a continuous decrease in the intensity, which could indicate the change into EPR silent Cu I . In comparison, similar studies were performed with the addition of the reducing agent sodium-L-ascorbate in the reaction mixture ( Figure S38, right) . While the intensity decrease is higher in the first 60 minutes of the reaction, the signals after 120 minutes are eventually similar to the ones without the presence of the additive, which is consistent to the similar catalytic results as previously mentioned.
Considering all these parameters and taking into account the above CV and EPR studies, we conclude to a possible mechanistic pathway depicted in Scheme 5. CV studies showed reversible transition Cu II (L 1 )2 (A) to Cu I (L 1 )2 (B) for compounds 2 and 10 but not for 12, therefore we considered Cu I (L 1 )2 (B) to be the possible catalytic active species. However, the comparison of the TOF values 4.4 (1 hour) and 0.8 (24 hours) ( Table 2, theoretical studies on copper-catalyzed 1,3-dipolar cycloaddition process and synthesis of azoles. 82, 83 Finally, the ring contraction to a triazolyl-copper derivative is followed by protonolysis that delivers the triazole product and closes the catalytic cycle. 
Scheme 6.
A plausible mechanism of the AAC reaction catalysed by 10.
CONCLUSIONS
In this work, we added a series of Cu coordination compounds with nitrogen-containing ligands in our pre-existing library of analogous catalysts and attempted to understand their homogeneous catalytic performance and mechanistic nature through their activity in the wellknown Cu I promoted AAC reaction. In particular, compound [Cu II (L 1 )2(CF3SO3)2] (10) is the optimal catalyst affording 1,4-disubstituted 1,2,3-triazoles with moderate to excellent (27-99%) yields without requiring a reducing agent. Furthermore, the proposed method avoids the isolation of potentially unstable organic azides, using either organic halides or benzeneboronic acid as starting materials.
CV studies in selected samples showed that fine-tuning the organic ligand has a significant effect on the electrochemical properties (12 differs to 2 and 10). The coordination sphere of 2 and 10 is rather similar which is proved by the similar formal potential values. The measured formal potential values are more negative in DMSO than in DMF, which supports that it is much more difficult to reduce the complexes in stronger donor solvents. This fact may help us to choose the right solvent for a more effective catalysed reaction.
Through an extensive set of control experiments and techniques, we optimized and finetuned of our system. Our studies confirm that 10 can act as an excellent precursor in a number of organic reactions under alcoholic media 46 providing Cu I active species. Initiating the catalysis from a polymeric Cu II compound appears essential for the system, since our efforts to obtain the corresponding Cu I derivatives or improve the catalytic performance with monomeric analogues were not successful. This diagnostic study enabled us to identify the benzotriazolebased ligand as the most suitable for our catalysts, as well as confirm the optimal metal geometry and coordination environment for the precursor. Furthermore, the semi-flexibility of the ligand through the introduction of the -CH2 groups appears to be crucial, allowing for the formation and fine-tuning of the initial polymeric compounds, as well as the transformation to the various species during the catalytic cycle. Based on our extensive research with this system, we believe that the benzotriazole unit is an ideal N-donor and could be used as an excellent colinker for the synthesis of suitable porous carboxylate-based mixed-ligand MOF compounds or oligomeric species towards catalytic redox reactions. At last, this study provides a wealth of information, which will help us explore the catalytic potential of other metals (e.g Co II , Mn II , Ag I ) with similar ligands. As such, our efforts will focus on this in the future.
